Abstract-A magnetic translational projector (MTP) designed by transformation optics is applied to improve energy transfer efficiency in a wireless power transfer (WPT) system. Our numerical simulation results show the MTP can greatly enhance energy transfer efficiency (e.g., nearly two orders, compared to the case without our MTP) in the WPT system, which is much larger than that of a previous method (i.e., using magnetic super-lens). A 3-D reduced MTP composed of layered isotropic magnetic materials is designed, whose performance is verified by our 3-D numerical simulation in 10 MHz. The influence of loss in metamaterial on the performance of the proposed MTP is also studied, which shows that the MTP can still enhance energy transfer efficiency when loss exists. Further simulation is also carried out to show that the function of the MTP is not sensitive to large perturbation. Finally, detailed experimental suggestion for implementing the simplified MTP, which is composed of layered medium is given and then verified by our numerical simulation.
To avoid system complexities and the possible health risk of far-field radiative power transfer, quasi-static (low-frequency) electromagnetic (EM) field is more suitable for mid-range wireless power transfer (WPT) system [4] . Using inductive coupling between two coils is one way to achieve energy transfer. However, the energy transferred is limited in a short range as magnetic flux decays rapidly with increasing distance. In 2007, the strongly coupled magnetic resonance scheme [5] was proposed to increase the coupling efficiency of two coils in a WPT system, and was later further explored and developed [6] . This is a method that changes energy transfer scheme in a WPT system. Adding other devices in a WPT system is another way to improve energy transfer efficiency. Magnetic superlens with negative permeability was theoretically shown to be helpful in improving energy transfer efficiency [7] . Then, this method was experimentally validated with the help of metamaterials [8] [9] [10] .
Transformation optics (TO) serves as a theoretical tool for designing these devices. Since it was proposed in 2006 [11] , it has helped scientists controlling EM field in a pre-designed manner. From the perspective of TO, a superlens can be designed by a space folding transformation [12] . Apart from superlens, other magnetic devices were also designed using TO. For instance, magnetic concentrator based on space compression transformation [13] was theoretically proposed to enhance energy transfer efficiency. Later with the help of metamaterials, such magnetic concentrator was experimentally demonstrated [14] .
In this paper, we use the magnetic translational projector (MTP) based on the spatial translational transformation [15] to improve energy transfer efficiency in WPT systems. Such MTP can greatly enhance energy transfer efficiency in WPT systems. We have designed a 3-D reduced structure composed of layered isotropic magnetic materials to realize the proposed MTP in 10 MHz, whose performance is verified by our 3-D numerical simulation based on finite element method (FEM). We also numerically study the influence of loss and perturbation on the performance of the proposed MTP. Compared with the previous method, the proposed method in this paper can achieve a better enhancement of energy transfer efficiency in WPT systems.
In Section II, we briefly explain TO and use it to design the MTP theoretically. We also give the physical explanation about how to improve the energy transfer efficiency by our MTP. In Section III, we elaborate on how we establish our numerical model, and carry out numerical studies on the performance of our MTP. In Section IV, we compare the performance of our MTP with traditional magnetic superlens, and propose the realization method of our MTP based on the effective medium theory and metamaterial.
II. THEORETICAL BACKGROUND
TO is a new and powerful theoretical tool to design novel EM devices such as invisibility cloaks [11] , magnetic concentrators [13] , [14] , and optical wormholes [16] . We have two spaces in TO: one is the reference space (i.e., a virtual space), where Maxwell's equations can be described as ∇ × E + iωμH = 0,
The other is the real space, where Maxwell's equations can be described
We use the coordinate transformation [e.g., (x, y, z) → (x , y , z )] to establish relationship of quantities between the two spaces. To keep the form-invariance of Maxwell's equations in the two spaces, the EM medium (i.e., relative permittivity and permeability) in two spaces should satisfy the following relations [11] :
Here, Λ i j is the Jacobian transformation matrix between the real space and the reference space (i.e., Λ It means that we can use the coordinate transformation to design a medium with a predesigned function with the help of TO. In many designs, people often assume the reference space is free space (i.e., ε = μ = 1). The medium designed by TO is often complicated (i.e., anisotropic and inhomogeneous), which can still be implemented by metamaterial [17] , [18] .
To achieve a longer energy transfer distance or higher energy transfer efficiency in a WPT system, we can use a device that can transfer more magnetic energy from the source coil to the receiving coil. In other words, this device should redirect the EM field generated by the source coil to a further distance. In the perspective of optics, a lens usually can achieve such a function, since it can refocus the EM field of the source. A magnetic superlens is an example [19] . Our aim is to design a special lens/shell that can project/shift the EM source (e.g., the source coil) by a predesigned distance d to another spatial position outside the lens/shell. It means that if an EM source is set in such a shell (i.e., our MTP), the EM field outside the shell is the same as the field produced by, an imaginary EM source located at the position shifted by a distance d from its real position.
A. Transformation Relationship
The MTP shell (purple region) shown in Fig. 1(a) can achieve such a function. Here, we use quantities with and without primes to indicate the quantities in the real space and reference space, respectively, which consists with previous definition in TO [15] . The material of the white and red regions is air, due to the identity transformation (i.e., x = x, y = y, z = z) and the spatial translational transformation along x direction (i.e., x = x − d, y = y, z = z), respectively [15] . The purple region where our MTP lies is filled with special medium, in which the coordinate transformation is given by
for region in the forth quadrant
where a and b are geometrical parameters of the MTP [see Fig. 1 (a)]. d is the translational distance, which means how far the imaginary source is away from the real source.
B. Explaining the Coordinate Transformation
The coordinate transformation relationship of the proposed MTP [described by (1) ] can be understood in Fig. 1 . From the perspective of TO, any magnetic source inside the region A 1 B 1 C 1 D 1 enclosed by the MTP (i.e., the anisotropic medium given by (2) in the purple region between A 1 B 1 C 1 D 1 and ABCD) will be shifted to the region A 2 B 2 C 2 D 2 outside the MTP. This means if a source coil is placed inside the MTP, the magnetic field inside the MTP produced by the source coil can be shifted rightward to a predesigned image position in free space outside the MTP. The final magnetic field is like that generated by an imaginary source coil placed at the predesigned position in free space without the MTP. Hence, after covering the source coil with the MTP, an "image" coil is created at the predesigned position. Assuming there is a receiving coil located at the predesigned position, the "image" of the source coil will overlap the receiving coil, so that the energy transfer efficiency can be greatly enhanced.
C. Intrinsic Parameter Calculation
According to the theory of TO, the required relative permeability and permittivity in the purple region in Fig. 1(a) is determined by the transformation relationship. Calculation in [15] shows that the device used to achieve the aforesaid function is a uniform anisotropic medium with the following relative permittivity and permeability:
where
and equals -1 otherwise. Note that we have assumed the medium is air (i.e., the relative permeability and permittivity are 1) in the reference space in the above calculation. As a low-frequency EM source (e.g., f = 10 MHz) is adopted for the WPT system, quasi-static approximation indicates that the electric field and magnetic field are decoupled [8] . This is the reason why we only need to consider the relative permeability of the device. Therefore, we set the relative permittivity in our device as
Hence, the optical translational projector in [15] becomes our MTP. To get a 3-D MTP, we can extend the 2-D MTP in z' direction, whose relative permeability and permittivity are given by (2) and (3), respectively. 
III. MODELING RESULTS

A. Model Setup
Two copper circular antennas are utilized to build a simplified WPT system [see Fig. 2(a) ]. One coil called source coil carries externally injected current and excites EM field, which leads to induction current on the other one. The coil in which induced current flows is designated as the receiving coil.
We set a constant external current density excitation along the tangential direction in the source coil. Specifically, the radial current component J r is zero, whereas the tangential current J θ is set as a constant (1 A/m 2 ). Energy is transferred from the source coil to the receiving coil via magnetic coupling. Fig. 2(b) shows that the designed MTP is added around the source coil to improve the energy transfer efficiency. The working frequency in our simulation is chosen as 10 MHz in this study, which has the same order as those used in former studies [20] . A FEM solver (COMSOL Multiphysics) is used to solve wave equation. In all simulations, we use a single-turn circular coil in order to reduce computation time, whereas in realistic situations these coils may be more complex. However, our MTP should still give a good energy transfer efficiency enhancement in realistic situations. That is because our MTP can project the magnetic source inside it to further region, no matter what the shape of magnetic source is.
B. EM Field Modification
The norm of the magnetic field intensity produced by the source coil, whose distribution resembles that of a magnetic dipole, is shown in Fig. 3(a) . When the source coil is covered with the MTP, the magnetic field is obviously altered [see Fig. 3(b) ]. A much stronger magnetic field is observed on the right side of the coil, which means the MTP can help the source coil transfer more energy to its right side. This effect suggests better energy transfer efficiency in larger distance.
C. Induction Current Enhancement
With the help of the MTP, more magnetic flux is transferred to the receiving coil, which results in a larger inductive current inside the coil, and hence a higher energy transfer efficiency. The surface current density distributions on the cross section of the receiving coil without and with the MTP are plotted in Fig. 4(a) and (b) , respectively. This intersection plane bisections the source coil, and lies in the x-y plane. Evidently, the inductive current on the receiving coil is greatly enhanced by the MTP. The inductive current is mainly located on the edge of the coil due to skin effect.
Surface integration of current density on the cross section of the two coils is calculated. The ratio is plotted in Fig. 5 , in a logarithmic manner, where I is the integration of current density on the receiving coil, and I s is the integration on the source coil. I s is a constant of 4.64 × 10 −7 A, which is the current we inject into this coil. We can see that our MTP can greatly increase the current inside the receiving coil. As distance between these two coils increases, the inductive current on the receiving coil decreases. However, the inductive current on the receiving coil is always enhanced by introducing our MTP, compared with the case without the MTP.
D. Power Enhancement
To make a quantitative comparison with other methods, we define the enhancement factor of the energy transfer efficiency by
where P MTP and P 0 are Joule heat produced on the receiving coil with and without the MTP, respectively. This definition consists with previous studies, in which power dissipated on the load is used to measure the power harvested by the receiving coil [4] , [8] , [14] . To reduce the complexity for realizing the proposed MTP, we make a simplification on the material requirement and propose a simplified MTP. In the simplified version, the negative permeability in the z direction of the MTP is set as 1, which Metamaterials are required to realize the proposed MTP, as some regions of the MTP (i.e., in the first and forth quadrants of our MTP) need negative permeability due to the spatial folding transformation. The loss of resonate metamaterials to achieve such a negative permeability will affect the performance of our MTP. In realistic resonate negative permeability metamaterial structures, loss can be described by an imaginary part of permeability. Loss varies with different structures and designs, but imaginary part near or smaller than 1 is common in present low-loss metamaterials [9] , [21] , and can even approach zero [22] .
To know how loss affects the performance of our MTP, we carry out numerical simulation in the WPT system, when a small imaginary part iδ (i.e., loss) is added on the required negative permeability of the MTP (see Fig. 7 ). Although the enhancement factor A defined by (4) decreases as the loss δ in the metamaterial increases, our MTP can still give a good energy transfer efficiency enhancement (i.e., A >> 1). In our simulation, loss is added on the whole structure of our MTP. However, loss usually only exists in the metal regions of metamaterial in realistic situation. These metal regions usually are very thin (i.e., the imaginary part we added in our simulation can only exaggerate loss influence on our MTP).
E. Position and Orientation Sensitivity
In realistic situation, the position and orientation of the MTP relative to the source coil may influence its function. To study this effect, we plot the magnetic field distribution (see Fig. 8 ) when the location and orientation of inner coil changes (the position and the orientation of the MTP keep unchanged). Since the coil acts like a magnetic dipole, more energy is transferred along the central axis of the coil. Thus, when the coil is rotated, the magnetic field on the right side of the MTP is weaker than when the central axis of the coil aligns with x-axis. However, we can see that even if a severe perturbation (rotation or movement) is present, our MTP can still direct a large amount of energy to the right side of the MTP.
IV. PERFORMANCE COMPARISON AND REALIZATION PROPOSAL
A. Comparison With Former Method
A magnetic superlens with negative permeability (see Fig. 9 ) is a traditional way to enhance energy transfer efficiency in WPT systems. It can be designed by a 1-D spatial folding transformation along x direction [12] . This leads to an infinitely large size of superlens in both y and z directions (B and C in Fig. 9 should be infinitely long). A practical 3-D super-lens with a finite length in both y and z directions (i.e., truncated in two directions) will greatly influence its performance. Our MTP utilizes 2-D folding transformation, thus it can achieve the full function in a 2-D plane with a finite size. For a 3-D MTP, it should be infinitely long in z direction (h in Fig. 2(b) should be infinitely large). Thus, for a 3-D practical MTP we approximate in z direction, which also limit the performance of our MTP. However, for a 3-D practical structure, our MTP makes truncation in only one direction whereas the super-lens makes truncation in two directions (e.g., both y and z directions). This indicates our MTP should give a much better performance than a superlens.
To make a comparison between our MTP and a superlens, we Figs. 2(b) and 9 . The theoretical image of the superlens will be 0.9 m away from the source coil, which coincides with the image distance of our MTP since d = 0.9 m. To make a fair comparison, the thickness and height of the superlens and MTP are chosen to be the same. The numerical simulation shows our MTP can achieve a much higher efficiency than superlens (see Fig. 10 ).
B. Implementation Proposal
We can use layered isotropic media to realize the required homogenous anisotropic permeability, based on the effective medium theory [23] . To realize the proposed MTP, we need first to find the direction of the principal axes and principal values of the required anisotropic permeability in (2) . The symmetric permeability tensor in (2) can be diagonalized by a coordinate rotation around the z direction, leading to three principle val-
2 + 4β 2 )/2 and λ 3 = γ, where α = (P 2 + Q 2 )/P , β = Q/P , and γ = 1/P . We denote the portion of our MTP in quadrants I-IV as regions 1-4. Due to symmetry, regions 1 and 4 have the same principle values after diagonalizing, so do regions 2 and 3.
In the case of simplified MTP, to realize one of the regions aforementioned, we only need to arrange two isotropic media periodically in the x-y plane, since variety in z direction is omitted. In addition, taking advantage of symmetry to achieve our MTP, the total number of materials with different permeability can be as less as 4, and only two types of these materials need to have negative permeability. Fig. 11 shows one possible way to implement the proposed simplified MTP. The required anisotropic permeability is realized by layered material with isotropic permeability based on the effective medium theory [23] , as shown in Fig. 11(c) . If the wavelength of the incident EM wave is much larger than the size of each layer, the effective relative permeability of the whole structure can be described by [23] 
where μ A and μ B are relative permeability of two layered materials A and B, respectively, in Fig. 11(c) . Subprime || and ┴ indicate the direction parallel and perpendicular to the interface between medium A and medium B, respectively.
are filling factors of medium A and medium B, respectively. Based on the effective medium theory in (5), we can use two isotropic homogeneous magnetic materials to achieve the required anisotropic permeability in our MTP. In regions 1 and 4 [see (1) and (2)] negative permeability is needed. There have been numerous kinds of metamaterial structures used to achieve negative relative permeability [9] , [10] , [24] , [25] . Actually, we can realize a very wide range of permeability (e.g., negative permeability, extremely large permeability, and permeability near zero) by tuning geometrical parameters of these kinds of metamaterial structure at required frequency.
As an example, in regions 1 and 4, we can use split-ring resonators (SRRs) to achieve the required negative permeability [see Fig. 11(a) ] [25] . Sticking three identical SRRs on a cubic cell can form a 3-D periodic medium, which has isotropic relative permeability that can be described as ) [25] . σ 1 is the resistance of unit length of the rings measured around the circumference, μ 0 is the relative permeability in vacuum, c 0 is the speed of light in vacuum, and ω is operating angular frequency. a 0 , c, g, and r are geometrical parameters given in Fig. 11(a) . If the lattice constant is much smaller than the operating wavelength, this medium composed of metamaterial cells can be treated as a continuous medium A, as shown in Fig. 11(b) . For regions 2 and 3, we can use metamaterial with closed ring units [26] and ferromagnetic materials [27] to realize the required extremely small permeability (i.e., close to zero) and the permeability larger than 1, respectively.
To verify the effectiveness of our proposal, we numerically studied the performance of our MTP composed of layered isotropic medium, and the magnetic field norm distribution is shown in Fig. 12 . In Fig. 12(a) , we plot for the case where a point magnetic dipole is chosen as the EM source without our MTP. Fig. 12(b) shows the MTP composed of the layered medium can transfer larger part of source energy to the right side of the MTP, hence our proposal is feasible. Here, the MTP and the inner air region are drawn as diagram to show the implementation method.
As the function of the MTP is to shift any sources inside it by a predesigned distance d away from it, it can not only transfer energy but also information from the sources to a signal receiver far away from it (i.e., the proposed MTP can also be used for wireless communication). If we use many MTPs to shift the sources inside them to the same spatial position (i.e., the images overlap each other), we can also achieve magnetic power collection and concentration.
V. CONCLUSION
In conclusion, a MTP designed by TO is shown to be capable of greatly enhancing wireless energy transfer efficiency. Compared with a magnetic superlens of the same size, our MTP can give a much better performance (e.g., the enhancement factors A defined by (4) for the magnetic superlens and our MTP are of about two times and two orders, respectively).
Three-dimensional numerical simulations have been given to verify the performance of the proposed MTP. Even for the case where loss is considered, our MTP can still give a good performance. Our design points out a new way for improving the energy transfer efficiency in WPT systems, which can be further implemented with metamaterial.
